1. Introduction
===============

Archaeal diether lipids are recently attracting increased interest due to their potential role as drugs, genes, or cancer imaging agents \[[@B1-life-05-01101]\]. In comparison with eukaryotic phospholipids, archaeal diether phospholipids contain branched fully saturated chains which are linked to glycerol with ether bonds \[[@B2-life-05-01101]\]. These structural characteristics render archaeal phospholipids and their aggregates resistant to high temperatures, high concentrations of ions in solution and degradation by eukaryotic enzymes. It is therefore indicated that they would be persistent enough to deliver encapsulated substances to their target before being decomposed in body fluids or captured by the cells of the immune system. Furthermore, the carrier vehicles should be able to bring the contents into the target cells, which means that they have to interact with the host membranes. In order to design useful vehicles surrounded by membranes composed of archaeal lipids, it is necessary to study the properties of archaeal lipid membranes. Giant vesicles composed of lipid molecules are a convenient system to study the membrane properties as they can be prepared from natural or synthetic lipids using various formation techniques \[[@B3-life-05-01101],[@B4-life-05-01101],[@B5-life-05-01101],[@B6-life-05-01101]\] and are large enough to be observed under the optical microscope. Knowing the elastic properties of lipid membranes in water environment one can elaborate the system of research and study the influence of different biologically relevant admixtures, such as proteins \[[@B6-life-05-01101],[@B7-life-05-01101]\], hydrocarbons \[[@B8-life-05-01101]\], acids \[[@B9-life-05-01101]\], *etc.*, and combination of them, to get closer to real biological systems.

Recently, we characterized liposomes prepared from polar lipids isolated from *Aeropyrum pernix* K1 physicochemically \[[@B10-life-05-01101],[@B11-life-05-01101]\]. Lipids of *Aeropyrum pernix* K1 are different from those of the anaerobic sulfur-dependent hyperthermophilic archaea due to a lack of both tetraether lipids and direct linkages of inositol and sugar moieties \[[@B12-life-05-01101]\]. The isolated polar lipids of *A. pernix* consist solely of 2,3-di-*O*-sesterterpanyl-*sn*-glycerol (C~25,25~-archaeol). Their two major polar lipids are 2,3-di-*O*-sesterterpanyl-*sn*-glycerol-1-phospho-1\'-(2\'-*O*-α-D-glucosyl)-*myo*-inositol (C~25,25~-archaetidyl (glucosyl) inositol; AGI; about 91 mol %) and 2,3-di-*O*-sesterterpanyl-*sn*-glycerol-1-phospho-*myo*-inositol (C~25,25~-archaetidylinositol; AI; about 9 mol %) \[[@B12-life-05-01101]\] ([Figure 1](#life-05-01101-f001){ref-type="fig"}).

![(**a**) Structural formulas of 2,3-di-*O*-sesterpanyl-*sn*-glycerol-1-phospho-myo-inositol (C~25,25~-archetidylinositol) (top: **AI**); (**b**) 2,3-di-*O*-sesterpanyl-*sn*-glycerol-1-phospho-1\'-(2\'*O*-α-[d]{.smallcaps}-glucosyl)-myo-inositol (C~25,25~-archetidyl (glucosyl) inositol) (bottom: **AGI**).](life-05-01101-g001){#life-05-01101-f001}

Like eukaryotic lipids, archaeal lipids can form liposomes \[[@B13-life-05-01101],[@B14-life-05-01101]\] and giant vesicles (GVs) \[[@B15-life-05-01101],[@B16-life-05-01101]\]. The nonspecific properties of archaeal and eukaryotic lipids are similar enough for GVs to be formed from mixtures of archaeal and eukaryotic phospholipids \[[@B16-life-05-01101]\].

The physicochemical properties of archaeal lipids are important in design of vaccine adjuvants \[[@B17-life-05-01101],[@B18-life-05-01101]\] and drug carriers \[[@B13-life-05-01101]\]. The design of convenient aggregates requires an understanding of the interactions between constituents on the microscopic level while in description of the membrane as a thin elastic shell, its properties are characterized by elastic moduli. The membrane of giant phospholipid vesicle poorly resists stretching, compression and rupture when exposed to such deformation. Subjected to external forces, the membrane rather undergoes a bending deformation. The energy required to deform the membrane is expressed by the membrane bending modulus *k*~c~. Statistical mechanical derivation of the phospholipid bilayer membrane free energy \[[@B19-life-05-01101],[@B20-life-05-01101]\] links thermodynamic bending elasticity modulus of the membrane *k*~c~ \[[@B21-life-05-01101]\] to the microscopic properties of the constituents. Local membrane bending affects lateral distribution of membrane proteins, their conformation, and consequently their functional role such as permeability for different substances and ability to bind particular ligands. Thereby vital processes of cell membrane can be connected to its bending modulus. The bending elasticity modulus is a material constant which does not depend on the size and shape of the object, but on the composition of the vesicle membrane and aqueous solution used. Recent studies on the relation between cell membrane elastic properties, and cell functions within a variety of biological cells shows a tight correlation between the cell membrane elasticity and the functions of these cells. A change in the bending elasticity modulus between resting and activated forms is found for different cell types, which is another evidence for the role of the elastic properties for the proper functioning of biological cell \[[@B22-life-05-01101]\].

In eukaryotic GVs, shape fluctuations have been used to determine *k*~c~ \[[@B23-life-05-01101],[@B24-life-05-01101],[@B25-life-05-01101],[@B26-life-05-01101],[@B27-life-05-01101]\], while to the best of our knowledge, no such measurement has hitherto been reported in archaeal GVs. In this work we determined the bending elasticity modulus of the archaeal bilayer membrane by measurement and mathematical analysis of the thermal shape fluctuations of archaeal GVs.

2. Materials and Methods
========================

2.1. Bending Elasticity of Lipid Membrane
-----------------------------------------

We shall assume that the ground state of the membrane is flat and unstretched. One deformed (curved) membrane is fully described at every point of its surface by its principal curvatures *c*~1~ and *c*~2~.

Let us consider a small patch of the deformed membrane with principal curvatures *c*~1~ and *c*~2~. It's bending elastic energy per unit area *F*~c~ can be expressed according to Helfrich \[[@B28-life-05-01101]\] via the relation: $$F_{c} = \frac{1}{2}k_{c}\left( {c_{1} + c_{2} - c_{0}} \right)^{2} + {\overline{k}}_{c}c_{1}c_{2}$$ where, *c*~0~ is the spontaneous curvature, $k_{c}$ is the bending elasticity modulus and ${\overline{k}}_{c}$ is the saddle bending elasticity modulus of the lipid bilayer. The spontaneous curvature of a symmetric membrane in a symmetric environment vanishes, *c*~0~ = 0.

2.2. Thermally Induced Shape Fluctuation Method
-----------------------------------------------

After the first detailed theoretical model of thermally induced shape fluctuations was proposed by Milner and Safran \[[@B29-life-05-01101]\], experimental procedures based on the analysis of thermally induced shape fluctuations of quasi-spherical vesicles were developed for precise measurements of the bending elastic modulus \[[@B23-life-05-01101],[@B30-life-05-01101]\]. The fundamental expression used by the authors is \[[@B23-life-05-01101]\]: $$\left\langle \left| {U_{n}^{m}(t)} \right|^{2} \right\rangle = \frac{k_{B}T}{k_{c}}\frac{1}{(n - 1)(n + 2)\lbrack\overline{\sigma} + n(n + 1)\rbrack}$$ where $\left\langle \left| {U_{n}^{m}(t)} \right|^{2} \right\rangle$ is the mean squared amplitude of the membrane fluctuations' decomposition in spherical harmonics *Y*~n~^m^(*θ,φ*), *k*~B~ is the Boltzmann's constant, *T* is the absolute temperature, *m* and *n* are the numbers, characterizing the given mode and $\overline{\sigma} = \sigma R^{2}/k_{c}$ is the dimensionless membrane tension (an adjustable parameter depending on the membrane tension and the difference of the lipid molecules in the inner and the outer layer of the lipid bilayer).

In fact, what is measured in an experiment of fluctuating quasi-spherical giant vesicle is the equatorial cross section radius in 128 or 64 (depending on the vesicle radius) equidistant directions from the center of the vesicle for every recorded image. In spherical coordinates the radius of the vesicle in the given direction can be written by the expression: $$\rho(\phi,t) = R\lbrack 1 + u(\frac{\pi}{2},\phi,t)\rbrack$$ where *R* represents the radius of a sphere with equal volume and $u(\theta = \pi/2,\varphi,t)$ is a function describing the membrane fluctuations, $\theta = \pi/2$ represents the equatorial cross section of the vesicle with the plane, passing through the vesicle center, parallel to *xy* plane of the coordinate system. It was assumed that the amplitudes of the fluctuations are small compared to the vesicle radius, $\left| {u(\theta,\varphi,t)} \right| \ll 1$. The normalized angular autocorrelation function of the vesicle radius is given by the expression: $$\xi(\gamma,t) = \frac{1}{R^{2}}\lbrack\frac{1}{2\pi}{\int\limits_{0}^{2\pi}{\rho(\phi + \gamma,t)\rho*(\phi,t)d\phi - \rho^{2}(t)}}\rbrack$$

It is shown in \[[@B23-life-05-01101]\] that the time averaged angular autocorrelation function can be decomposed into Legendre polynomials with amplitudes *B~n~*, related to the mean squared amplitudes of spherical harmonics: $$B_{n} = \frac{2n + 1}{4\pi}\left\langle \left| {U_{n}^{m}(t)} \right|^{2} \right\rangle$$

Taking into account the relations (4), (5) and (2) we can calculate the bending elasticity modulus of the membrane from the decomposition of the angular autocorrelation function of the equatorial cross-section radius as following: $$k_{c} = \frac{1}{B_{n}}\frac{k_{B}T}{4\pi}\frac{(2n + 1)}{(n - 1)(n + 2)\lbrack\overline{\sigma} + n(n + 1)\rbrack}$$

In all the experimental data obtained in this work stroboscopic illumination was used to remove the artifact due to the integration time of the video camera. The stroboscopically illuminated sample presents an instant picture of the object to the observer \[[@B31-life-05-01101],[@B32-life-05-01101]\].

An algorithm for digitalization and processing of image sequences of fluctuating vesicles with a detailed procedure for obtaining the mechanical constants of the vesicular membrane, applying strict objective criteria for qualification of the vesicle as a whole as well as for acceptance or rejection of a given contour of the sequence of recorded images \[[@B32-life-05-01101]\] was used for all the experimental data presented in the work. The white noise contribution to the amplitudes of thermal shape fluctuations \[[@B32-life-05-01101]\] was evaluated and taken into account in the reported values for the bending elasticity modulus.

2.3. Experimental Section
-------------------------

### 2.3.1. Chemicals

SOPC (1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine) and POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).

### 2.3.2. Growth of *Aeropyrum Pernix* K1

*Aeropyrum pernix* K1 was purchased from the Japan Collection of Microorganisms (N° 9820; Wako-shi, Japan). The culture medium comprised (per liter): 34.0 g marine broth 2216 (DifcoTM Becton, Dickinson and Co., Franklin Lakes, NJ, USA), 5.0 g Trypticase Pepton (Becton, Dickinson and Company, Sparks, NV, USA), 1.0 g yeast extract (Becton, Dickinson and Company, Sparks, NV, USA) and 1.0 g Na~2~S~2~O~3~·5H~2~O (Sigma-Aldrich, St. Louis, MO, USA). The buffer systems used were 20 mM MES \[2-(N-morpholino)ethanesulfonic acid; Acros Organics, Geel, Belgium\] for growth at pH 6.0, and 20 mM HEPES \[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Sigma-Aldrich Chemie GmbH, Steinheim, Germany\] for growth at pH 7.0 and pH 8.0. The *A. pernix* cells were grown in 800 mL growth medium in 1000 mL thick-walled flasks, with a magnetic stirring hot plate and forced aeration (0.5 L·min^−1^) at 92 °C, as described previously \[[@B33-life-05-01101]\].

### 2.3.3. Isolation and Purification of Lipids

The polar lipid methanol fraction (PLMF) that is composed of approximately 91% 2,3-di-*O*-sesterpanyl-*sn*-glycerol-1-phospho-1\'-(2\'*O*-α-D-glucosyl)-myo-inositol (C~25,25~-archetidyl (glucosyl) inositol---**AGI**) and 9% 2,3-di-*O*-sesterpanyl-*sn*-glycerol-1-phospho-myo-inositol (C~25,25~-archetidylinositol---**AI**) with average molecular weight of 1181.42 g/moL was prepared from lyophilised *A. pernix* cells as described previously \[[@B10-life-05-01101]\].

### 2.3.4. Formaton of Giant Vesicles

The giant vesicles were prepared using a modified electroformation method \[[@B3-life-05-01101]\]. The electroformation cell used for all experimental procedures is shown in [Figure 2](#life-05-01101-f002){ref-type="fig"}. Glass slides, coated with a transparent conductor of indium tin oxide (ITO; thickness 100 *±* 20 nm, resistivity of 100 Ω*/*square) acted as electrodes. The lipid was dissolved in chloroform in concentration 1mg/mL. A number of small drops of the lipid solution were placed on the surface of the glass of the experimental cell in order to obtain as much lipid deposit for vesicle formation as possible. The prepared glass slides were put into an evacuated chamber for about 30 minutes. After evaporation of the solvent the experimental cell was filled with fresh double distilled (via quartz distiller) and filtered through Minisart 16534 syringe filter (pore size 0.20 µm) water. A low frequency sinusoidal alternating voltage (10 Hz, 1.5 V peak to peak) was applied to the conductive glass slides overnight. This procedure leads to the formation of vesicles appropriate for our experiment---*i.e.*, fluctuating vesicles with a diameter of the order of 20--40 µm with no visible defects.

![An image of the electroformation cell: (**a**) disconnected, (**b**) connected to the generator.](life-05-01101-g002){#life-05-01101-f002}

### 2.3.5. Observation and Recording of Giant Vesicles

Samples of the fluctuating giant vesicles were observed under a phase contrast microscope (Axiovert 100, Zeiss, Germany, oil immersion objective Ph3 100× magnification). Stroboscopic illumination comprising of an L6604 xenon flash lamp, an E7289-01 external main discharge capacitor and a C6096 power supply, all from Hamamatsu, Japan) \[[@B31-life-05-01101]\] and a damping vibration system was used in the experiment \[[@B32-life-05-01101]\]. The flash of the stroboscopic illumination was synchronized with the vertical pulses coming from the CCD video camera controller (C2400-60, Hamamatsu, Japan). According to the Hamamatsu data sheet, the light pulses were of less than 3--4 μs duration (full width at half maximum) at 2 J input energy. A double channel thermostatic stage was used to ensure that the bending elasticity measurements were done at a constant temperature (27 ± 0.1) °C. Fluctuating quasispherical (the deviations from spherical shape are small in comparison with the mean sphere radius) vesicles without visible defects with diameters 20--40 µm were chosen for the experiment. For each vesicle, approximately 400 images of its equatorial cross section (see [Figure 3](#life-05-01101-f003){ref-type="fig"}) were recorded with a frequency of 1 image per second and analyzed for determining the membrane bending elasticity moduli and tensions \[[@B34-life-05-01101]\].

![Images of the equatorial cross-section of a fluctuating vesicle at two times as observed by the phase contrast microscope.](life-05-01101-g003){#life-05-01101-f003}

3. Results and Discussion
=========================

The analysis of thermally induced shape fluctuations of giant vesicles was used to determine the bending elasticity modulus of giant vesicles composed of archaeal lipids.

The experimental data obtained for the bending elasticity modulus *k*~c~ for pure archaeal lipid membranes in a water environment is presented in [Table 1](#life-05-01101-t001){ref-type="table"}. For comparison, the corresponding values for synthetic POPC and SOPC membranes are given, measured by the same method in the same environment (pure water). The value of the bending elasticity modulus of the archaeal lipid membrane was calculated as the weighted average value of an ensemble of giant vesicles, meeting all the imposed qualification criteria. Our results indicate that lipids isolated from archaea *Aeropyrum pernix* K1 have similar bending elasticity modulus as eukaryotic lipid POPC and SOPC membranes. To the best of our knowledge, data on the measured modulus of bending elasticity of the archaeal membrane is here reported for the first time. The bending elasticity modulus of the membrane depends on the temperature below and near the phase transition temperature, but far above the phase transition temperature (this is the case in our experiment) the bending elasticity modulus of the membrane is practically constant \[[@B35-life-05-01101]\].

life-05-01101-t001_Table 1

###### 

Bending elasticity modulus of isotropic membranes *k*~c~ composed of *Aeropyrum pernix* K1 archaeal lipid and eukaryotic lipids 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC).

  Type of Lipid                          Weighted Mean Value of the Bending Elasticity Modulus *k*~c~ (± Standard Deviation)
  -------------------------------------- -------------------------------------------------------------------------------------
  *Aeropyrum pernix* K1 archaeal lipid   (1.89 ± 0.18) × 10^−19^ J
  SOPC                                   (1.88 ± 0.17) × 10^−19^ J
  POPC                                   (2.00 ± 0.21) × 10^−19^ J

The role of archaeal lipids as vaccine adjuvants and the possibility of using liposomes formed from archaeal lipids as delivery systems for drugs, genes and proteins provide incentives to investigate the interactions between archaeal and eukaryotic lipids. Furthermore, our previous studies indicated that liposomes can be formed from mixtures of standard and archaeal lipids \[[@B16-life-05-01101]\] which would enable the creation of new delivery systems with lower contents of archaeal lipids.

The bending elasticity, which resides in the elastic deformability of red blood cells as well as drug delivery capsules, has substantial influence on the arterioles and the capillaries blood flow and has an important impact on normal circulation through blood system. These facts provide further evidence in favor of expectations that archaeal lipids could be appropriate for the design of drug delivery systems \[[@B36-life-05-01101]\].

4. Conclusions
==============

Comparing the results obtained for the bending elasticity modulus of the archaeal lipid membrane with that of a pure synthetic POPC and SOPC lipid membranes (all in a pure water environment), we can conclude that all three types of membranes have similar properties with respect to bending elasticity. From our study it follows that, at room temperature, the thermophilicity is not necessarily related to the bending elasticity.
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